Supersonic jet/multiphoton ionization-mass spectrometry (SSJ/MPI-MS) is used in spectrometric analysis primarily because of its high selectivity. This approach provides wellresolved spectral features in the multiphoton ionization spectrum, and interference from other molecules, such as related analogues, can be minimized.
Introduction
Supersonic jet/multiphoton ionization-mass spectrometry (SSJ/MPI-MS) is used in spectrometric analysis primarily because of its high selectivity. This approach provides wellresolved spectral features in the multiphoton ionization spectrum, and interference from other molecules, such as related analogues, can be minimized.
In addition, information concerning molecular weight and chemical structure can be readily obtained from the mass spectrum. [1] [2] [3] Due to its high spectrometric selectivity, it can be used for trace analysis, on line. Several applications of this method to the on-line real-time monitoring of chlorobenzene derivatives, which are known surrogates of dioxins with strong toxicities, have been reported. [4] [5] [6] [7] [8] No on-line monitoring of dioxins, however, has been achieved since numerous toxic and non-toxic isomers and congeners are present at low concentrations in flue gas. Therefore, high sensitivity as well as high selectivity is desirable for the analysis of these compounds. In order to solve this problem, the use of a laser with a pulse duration nearly identical to the lifetime of the singlet-excited-state of the analyte in multiphoton ionization has been proposed. 9, 10 In particular, a tunable nearly-transform-limited picosecond laser would be desirable for the efficient multiphoton ionization of dioxins, the excited-state lifetimes of which are considered to be much shorter than 1 ns. A distributed-feedback (DFB) dye laser, [11] [12] [13] which is tunable over a wide spectral region and capable of generating a picosecond pulse with a narrow spectral bandwidth, has the potential for application to SSJ/MPI-MS. 14, 15 We recently developed a DFB dye laser with a pulse width and line width of 160 ps and 9.64 pm, respectively, and used it to measure the excited-state lifetimes of monochlorobenzene and dichlorobenzene. 16 More recently, a DFB dye laser with a shorter pulse width (68 ps), which was achieved by a new type of quenching scheme, was developed. 17 Therefore, a tunable picosecond laser with a shorter pulse width is useful not only for efficient ionization of molecules with shorter excited-state lifetimes but also for the excited-state lifetime measurement of these compounds.
In this study, a transform-limited DFB dye laser with a shorter pulse width (< 25 ps) was developed, using a picosecond Nd:YAG laser as a pump source and employing a thinner cuvette for oscillation. The excited-state lifetime of a highly chlorinated benzene derivative, i.e., 1,2,4-trichlorobenzene, was then measured by means of a pump-probe method in SSJ/MPI-MS. Moreover, potential advantages in efficient ionization of highly chlorinated dioxins and their surrogates are discussed.
Experimental
A block diagram of the DFB dye laser is shown in Fig. 1 (a) (cf. Ref. 16) . A picosecond Nd:YAG laser (Continuum, Leopard, 120 ps, 10 Hz) was employed as a pump source of the dye laser, in order to suppress additional peaks after a single isolated pulse generated using a nanosecond Nd:YAG laser. [14] [15] [16] [17] In the oscillator stage, the third harmonic beam of the Nd:YAG laser was diffracted by a holographic transmission grating (500 groove/mm). The first-order diffracted beams were then combined with each other by means of two mirrors to form an interference pattern on the surface of the dye solution (Coumarin 153 in methanol) in a cuvette (2.5 mm). In order to reduce the pulse width, we used a simple quenching technique. 17 In the case of a laser with a pulse width of 25 ps, which is actually achieved in this study as will be described later, the zone of the laser pulse is spread to 7.5 mm. Therefore, by taking into account the round-trip time of the quenching pulse, the dye cell with a length shorter than 10 mm (previously used one) 14-17 must be used. The emitting wavelength, λDFB, can be calculated by the following equations:
(1)
where n is the refractive index of the medium, Λ is the fringe spacing, and θ is the angle from the normal surface. In this experiment, the angle, θ, was adjusted to 55.8˚, a DFB dye laser should be oscillated at 570 nm, and the fringe spacing becomes ca. 215 nm. The beam from the oscillator (1 µJ) passed through a dye cell (Rhodamine 6G in methanol) for pre-amplification, in which the second harmonic beam was used as a pump source. The third harmonic beam was utilized to pump the dye cell (Coumarin 153 in methanol) for post-amplification. A laser beam from the post-amplifier is passed through a β-barium borate (BBO) crystal to generate the second harmonic emission. The pulse width and line width of the laser were measured by means of a streak camera (Hamamatsu, C4334, resolution 15 ps) and a wavemeter (Burleigh Instruments, WA 5500, resolution 0.002 pm), respectively. A detailed description of the SSJ/MPI-MS instrument and the pump-probe method used in this study have been reported elsewhere 16 and are described briefly here. A block diagram of the scheme is shown in Fig. 1(b) . The laser beam is split into two parts by a beam splitter. One of the beams reflected back by a pair of fixed mirrors and is used as a pump beam for excitation of the analyte molecule. The other is reflected back by a pair of mirrors mounted on a translator and is used as a probe beam for the subsequent ionization from the excited state. These beams are coaxially aligned and then focused into a supersonic jet. The sample is diluted with argon carrier gas and injected from a pulsed nozzle into a vacuum. The induced ions were mass analyzed using a linear time-of-flight mass spectrometer (home-built) with a mass resolution of 330 at m/z = 112. Mass spectra were measured by means of a digital oscilloscope (LeCroy, 9362C) and were averaged over 300 times. In this study, 1,2,4-trichlorobenzene (Kishida Chemical Co.) was used as a sample without further purification. Figure 2 shows the temporal and spectral profiles of the second harmonic emission of the laser developed in this study. The pulse width, line width, and pulse energy are 25 ps, 8.78 pm, and 150 µJ, respectively. The product of the pulse width and the line width was 0.81, which is close to the value of 0.441 for a transform-limited Gaussian pulse. In order to demonstrate the advantage of this laser, the excited-state lifetime of a chlorinated aromatic hydrocarbon, 1,2,4-trichlorobenzene, was measured based on the pump-probe method. Figure 3 shows a semi-natural-logarithmic plot of the signal intensity for 1,2,4-trichlorobenzene against the delay, obtained by multiphoton ionization using the pump-probe method. In this experiment, the laser wavelength was adjusted to 284.97 nm, which corresponds to the wavelength of the resonance excitation and subsequent two-photon ionization for 1,2,4-trichlorobenzene. 18 As shown in Fig. 3 , the excited-state lifetime of 1,2,4-trichlorobenzene, as calculated from the slope, was 90 ps. This is much shorter than the values for the monochlorobenzene and dichlorobenzene. 16 Generally, an increase in the number of chlorine atoms substituted on a benzene ring decreases the lifetime of the excited state. This is known as a "heavy atom effect", which accelerates intersystem crossing, consequently causing poor efficiency in multiphoton ionization with a nanosecond laser source. 19 Thus, this laser has sufficient performance for the measurement of the excited-state lifetime of trichlorobenzene, and may be potentially useful for tetra-and pentachlorobenzene, which are proposed as indicators of dioxins. 5 It should be noted that not only dioxin indicators but also dioxins themselves, e.g., pentachlorodibenzofuran, can be sensitively and selectively detected using this laser.
Results and Discussion
In this study, a nearly Fourier-transform-limited DFB dye laser with a shorter pulse width (25 ps) was developed. This laser was applied to the excited-state lifetime measurement of highly chlorinated benzenes. It was verified that this laser was useful for the lifetime determination of trichlorobenzene (90 ps). Moreover, this laser can be employed for measurement of shorter excited-state lifetimes and for efficient ionization of dioxins and their surrogates with a larger number of chlorine atoms. ANALYTICAL SCIENCES JUNE 2005, VOL. 21 
